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Abstract-Coupled interface modes in periodic layered media are discussed. Type II phase matching for Second Harmonic generation with a conversion efficiency of 4.14 × 10 3 %W
is demonstrated.
I. INTRODUCTION
Recently a novel method for harnessing efficient 2 processes was proposed [1] , [2] , utilizing the modal dispersion properties of Bragg Reflection guides (BRWs) to achieve phase matching of second order nonlinearities between the two modes guided by different mechanisms, namely, total internal reflection (TIR) and transverse Bragg reflection (TBR). An immediate advantage of this method over conventional methods is that it allows for monolithic integration of efficient nonlinear elements with other active and passive devices while providing low loss. Layered media can also support modes that exist at the interface between dissimilar layers, two dissimilar periodic claddings or between a periodic cladding and an adjacent layer. These interface modes could be utilized to achieve phase matched second order nonlinear processes.
Electromagnetic Bloch interface modes are a type of the interface modes family, originally introduced by Yariv and Yeh in 1984 [3] . These modes are locally confined to the interface between two semi infinite periodic media. They can exist at the surface of a semi-infinite periodic layered medium, or at the interface of two such semi-infinite media. The confinement of the surface mode in this case is chiefly due to the photonic band-gap effect of the periodic structure. Bloch interface modes in their simplest form have been studied theoretically and have already been employed for bio-sensing applications [4] . Owing to their lossless nature and their versatility with regards to tailoring the dispersion properties, Bloch interface modes also offer potential applications for waveguiding and monolithic integration with active and passive devices.
II. INTERFACE MODES
One particular type of interface mode that can exist in periodic layered media is further studied here. This mode consists of two coupled interface modes (IMs), each formed at the boundary of a homogenous medium and a periodic layered medium capped by a high refractive index layer. The mode profile as well as linear and nonlinear properties of this mode, make it a good candidate for use in nonlinear frequency conversion processes. In particular, phase matching of second order nonlinearities could be achieved in a structure that supports this interface mode as well as a guided total internal reflection (TIR) mode, where phase matching between the two modes is realized. Fig. 1b shows the TE mode profile of this interface mode (solid line), along with the mode profiles of TE and TM polarizations of the corresponding TIR mode guided within the structure (dashed lines). The dispersion relations for the case where 2 < cap and 2
for TE and TM polarization are then,
where i ,t i and n i are the wave vector, thickness and refractive index of material , where i = center, cap or layer 2, immediately adjacent to the cap layer. Also, c = c,real .
With the versatility of Bragg stacks accommodating IMs in addition to the TIR and TBR modes, three wave mixing processes such as difference frequency generation (DFG) and sum frequency generation (SFG) can be achieved. Here, we report the observation of second harmonic generation (SHG) via achieving type II phase matching between zeroth order TE and TM TIR modes and the zeroth order TE coupled interface mode in a periodic stack.
III. DEVICE FABRICATION AND CHARACTERIZATION
The structure studied composed of a 140 nm thick core layer of Al 0 . 85 Ga 0 . 15 As followed on each side by a 224.9nm thick Al 0 . 2 Ga 0 . 8 As cap layer. The top and bottom claddings consisted of alternating 127.4nm Al 0 . 3 Ga 0 . 7 As and 463.3nm Al 0 . 8 Ga 0 . 2 As. Fig. 1c shows an SEM image of the structure, etched to a depth that corresponds to the point just before the high intensity mode lobe, to form a ridge waveguide. The ridge widths were varied from 2.65 m to 4.65 m.
Linear losses of the TIR modes in these waveguides were measured using the Fabry-Prot method; a tunable distributed feedback laser source was tuned around the fundamental wavelength of 1550 nm and device losses were obtained. The lowest loss values were recorded for a ridge widths of about 2.76 m . Typical values were around 2.71 cm −1 . The best performing waveguides were then characterized for second harmonic generation using a 1.8 picosecond pulsed source with a repetition rate of 76 MHz. The devices were pumped with a power of 6.5 mW which was attenuated to an internal power of 0.853 mW. This attenuation is due to the input losses which include the input objective lens, a Fresnel reflection coefficient of 26% at the device facet and a mode input coupling factor of 18% between the incident beam and the TIR spatial profiles.
The wavelength at which phase matching occurs was determined by tuning the source wavelength and observing the second harmonic power. The tuning curve is shown in Fig. 2 . A clear peak of 1.23 W in the second harmonic power at a wavelength of 1545 nm indicates phase matching at this wavelength. This peak occurs with a FWHM of 1.78 nm from which the loss of the second harmonic wave can be extracted to be 47.38 cm −1 . Next, the second harmonic wave power was monitored as a function of the input pump power at the phase matching wavelength. The inset in Fig. 2 depicts the quadratic relationship between these powers on a logarithmic scale, at the phase matching wavelength. A useful parameter to study for device performance is the normalized conversion efficiency defined as,
where 2 and are the internal second harmonic and pump powers and L is the waveguide length. For waveguides with the lowest losses, this normalized conversion efficiency was estimated to be 4.14 × 10 3 %W −1 cm −2 . This value is an order of magnitude smaller than that achieved so far by BRWs; nonetheless, the presence of this new type of modes provides additional degrees of freedom in the design of second order nonlinear processes. Furthermore, process bandwidth tunability in such a device is more accessible and tenable through the control over waveguide properties. This can be a key parameter in applications where the quantum optical properties of photons needs to be controlled [5] . Fig. 3 shows the spectra of both the fundamental and the second harmonic waves. The bandwidths of the waves were measured to be 3.1 nm and 0.56 nm respectively.
In conclusion, we have reported the observation of Second Harmonic Generation using coupled interface modes in a cap layer enhanced periodic layered structure. The proposed modes in conjunction with TIR and TBR waves provide a platform for three wave mixing processes in semiconductor Bragg reflection Waveguides.
